Results
centroids of densities within the molecular envelope interconnected by a network of simple springs (Ming et al., 2002b) . Performing QEDM analysis on such a model results in low-frequency harmonic normal modes of vibration, which would identify possible hinge points in the structure. This procedure is simply designed to describe potentially accessible motions allowed by the characteristic mass distribution of the molecule. It is not expected that the enzyme would undergo such undampened harmonic motions. True conformational snapshots would consist of a superposition of various normal-mode contributions. Rather than predicting specific motions for the molecule, this technique is simply aimed at restricting the conformational subspace to conformations consistent with the mass distribution and approximate connectivity of the whole molecule as provided by the low-resolution density map. Clearly, changes involving local bond-breaking/formation or separation of structural features not resolved at this resolution will not be predicted by this technique. The present study is carried out as a computational validation of the existence of the conformers by matching them with authentic image data after reclassification and computational filtering. in the domain connecting the two monomers. Thus, the lowest frequency motion, mode 7, was found to reflect a rigid body movement of the monomers around the structures from modes 7 and 8 were tested, because a 2-fold axis relating the two monomers. In this mode they represent a large-scale motion and could be more of vibration, the intermonomer cleft would widen and readily detected from the low-resolution data. In addinarrow on alternating ends of the molecule (Figures 1A tion, we were motivated by the suggestion that these and 1B Figures 1C and 1D ). Higher fre-
Results

Conformers Predicted from QEDM
Because the multireference refinement is an iterative quency (modes 9 and 10) conformations could be attribprocedure (Figure 2 ), we can follow the progress and uted to intrasubunit hinges involving a back-and-forth stability of the refinement by comparing the successive rotation of the head region of monomers relative to the 3D models that are reconstructed for a subgroup after torso and foot regions (data not shown). In this study, each iteration. It was found that typically after four we determined whether the two lowest frequency types rounds of refinement, a reasonable degree of converof conformers, i.e., those representing normal modes 7 gence was observed between the successive maps for and 8, could be seen in the experimental image data each subgroup for the extremes of mode 7 and mode from electron cryomicroscopy.
8 as a starting model (Figure 3 ). In the multireference refinement using the five different starting models, it was observed that the data set of the FAS particle images got Confirming the Presence of Different Conformers in Electron Images almost evenly divided across the five subsets (4418, 4057, 4014, 4057, and 4861 particle images, respecWe used the 19,822 FAS particle image data set that generated the 19 Å resolution map (Brink et al., 2002) tively). Each of the refined 3D models in these subsets was to search for conformers mimicking the modes predicted by QEDM. We used the computational procedure found to resemble the corresponding normal-mode 3D model used as an initial reference model. Visually speakimplemented in EMAN, i.e., multirefine (Figure 2) , to classify the image data according to five models which ining, structures refined from a particular model exhibit the same hinge motions predicted by the starting model. clude the original 19 Å resolution C2-symmetric model and both extrema for modes 7 and 8 (Figure 1) . Only Yet, some differences are clearly present. When produc-
Figure 2. Schematic Diagram Explaining the Multireference Refinement Employed in EMAN called Multirefine
The procedure is centered around the "reference-based refinement" or refine from EMAN (Ludtke et al., 1999), which in itself consists of the following steps: (1) projections are created from either a starting model or a refined model, (2) a classification step of the raw particles based upon their correspondence with all of the projections of the model followed by an Euler angle determination for each classified particle image, (3) an alignment of the particle images within each group, (4) followed by a 3D reconstruction process yielding a new model. In the multirefine, several different starting models are used-indicated with "starting model." In the reference-based refinement, all models are used to classify all the raw particle images. Because more than a single starting model is used, the particle images are classified not just according to their correspondence with a particular projection of the starting model, but also according to the highest correlation among the different starting models. As the particle images get separated out into different subgroups, as indicated, they get aligned within each subgroup, and a 3D reconstruction will be produced from just the particle images in each subgroup. Once the new 3D reconstructions have been obtained-indicated with "refined model"-they will serve as starting models for another round of refinement. During subsequent refinement, the raw particle images are not guaranteed to stay with the same subgroup over the course of several refinement cycles.
ing the normal-mode models used to seed the refinevibrational modes is a striking demonstration of the conformational variability of this molecule. ment, arbitrary amplitudes were used. These amplitudes were reasonable given the apparent variations in the data, but would not be expected to match the actual Validating the New Structures from Data Subsets amplitudes present in the data itself. For this reason, There has frequently been a concern in the single-partione cannot make any rigorous, quantitative comparicle analysis that the features in the starting model may sons between the initial and refined models presented influence the final model even though they are not preshere. Achieving this level of comparison would require ent in the actual data. The extent of such reference decomposing the refined models with respect to all model influence is largely sensitive to both the specific possible normal modes, then generating new starting reconstruction algorithm used and the noise level presmodels and running a new refinement, and so on. Unforent in the raw data. We have undertaken a number of tunately, with an apparently continuously varying hetindependent tests with the subset image data grouped erogeneous population, we would not expect this prowith one of the normal-mode 3D models to demonstrate cess to converge with the relatively small set of data that our results represent true conformational variations we currently have. However, it should become possible of the protein. to do this once we have obtained 10-100ϫ more data.
Mode-7 Data Refined against Symmetric The observed variations occur mainly in the details of Starting Model the structure and in fact are expected due to both the The 4418 particle images grouped with the mode 7a 3D higher noise levels arising from using only a fraction of model were selected for this test, which basically will the total data in each model and the fact that smallindicate the robustness of the asymmetry found in the scale variations would be represented by much higher preceding test using the various normal-mode referorder vibrational modes not used in this study. The fact ences. The particle images of this particular subgroup that the experimental data are consistent with structures were refined using a standard single-model EMAN refinement, using instead the C2-symmetrized structure containing such large-scale motions predicted by the as an initial model. We found that over the course of ( Figure 4B ). In this particular case, the bridging density between the monomers remains intact. several iterations, the symmetry was gradually lost, until after five rounds, the 3D model did not bear any resemMultirefine Using Noise-Seeded References We performed a final test using the entire data set to blance with the original 19 Å , C2-symmetric model. Instead, the 3D model clearly exhibited the overall confordetermine if we could produce structural variations similar to the normal modes without actually using the modmation associated with the model found for normal mode 7a ( Figure 4A ). els associated with the normal modes. Thus, we seeded the multireference refinement with four copies of the
Refinement of a Data Subset Using the Bi-Ellipsoidal Starting Model
19 Å resolution, C2-symmetrized structure minimally perturbed with Gaussian noise, producing four nearly The same image subset used in the preceding test was used in a second test where the starting model was now identical starting models ( Figure 5, left panel) . Since these models are starting at points quite distant from two side-by-side symmetric ellipsoids. This is the same starting model that was used to obtain the original 19 Å the final converged models, this process is quite computationally intensive, but still feasible for a relatively small map from FAS (Brink et al., 2002). As we had observed in the previous case, the resulting 3D model was found molecule at low resolution like this one. In addition, refining the data in this fairly unrestricted way is akin to increasingly lose its symmetric character and bear much resemblance to the normal mode 7a 3D model to a clustering process, in which the least number of in multirefine to obtain a resolution approaching 10 Å . The second approach would be of a biochemical na-
